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Mutation of the adenomatous polyposis coU (APC) tumor suppressor stabiHzes p-catenin and aberrantly 
reactivates Wnt/p-catenin target genes in colon cancer. APC mutants in cancer frequently lack the conserved 
catenin inhibitory domain (CID), which is essential for p-catenin proteolysis. Here we show that the APC CID 
interacts with a-catenin, a Hippo signaling regulator and heterodimeric partner of p-catenin at cellicell adherens 
junctions. Importantly, a-catenin promotes p-catenin ubiquitylation and proteolysis by stabilizing its association 
with APC and protecting the phosphodegron. Moreover, p-catenin ubiquitylation requires binding to a-catenin. 
Multidimensional protein identification technology (MudPIT) proteomics of multiple Wnt regulatory complexes 
reveals that a-catenin binds with p-catenin to LEF-l/TCF DNA-binding proteins in WntSa signaling cells and 
recruits APC in a complex with the CtBP:CoREST:LSDl histone H3K4 demethylase to regulate transcription and 
P-catenin occupancy at Wnt target genes. Interestingly, tyrosine phosphorylation of a-catenin at Yl 77 disrupts 
binding to APC but not p-catenin and prevents repression of Wnt target genes in transformed cells. Chromatin 
immunoprecipitation studies further show that a-catenin and APC are recruited with p-catenin to Wnt response 
elements in human embryonic stem cells (hESCs). Knockdown of a-catenin in hESCs prevents the switch-off of 
Wnt/p-catenin transcription and promotes endodermal differentiation. Our findings indicate a role for a-catenin 
in the APC destruction complex and at Wnt target genes. 
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Mutation of the adenomatous polyposis coli (APC) tumor 
suppressor is an early step in most sporadic colon cancers, 
and APC mutations in inherited familial adenomatous 
polyposis (FAP) lead to early onset of the disease (Aoki 
and Taketo 2007; McCartney and Nathke 2008). APC 
localizes to the cell membrane, actin cytoskeleton, mi- 
totic spindle, and nucleus to regulate cell polarity, adhe- 
sion, and migration and the state of the epigenome 
(Caldwell and Kaplan 2009; Lui et al. 2012; Hammond 
et al. 2013). APC also controls intestinal epithelial cell 
homeostasis as a negative regulator of the canonical Wnt 
signaling pathway (Stamos and Weis 2013). In the absence 
of Wnt signaling, APC functions in a proteolytic de- 
struction complex with the Axin scaffold protein to 
control the turnover of p-catenin, a transcriptional coac- 
tivator of the Wnt pathway and a core subunit of cellicell 
adherens junctions (Clevers and Nusse 2012). Within this 
complex, Axin facilitates p-catenin phosphorylation by 
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casein kinase 1 (CKl ) at S45 and glycogen synthase kinase 
3p (GSK3P) at S33/S37/T41 to create a phosphodegron 
recognized by the Skpl/CuU/F-box^^'^'^^ (pTrCP) E3 
ubiquitin (Ub) ligase complex. Phosphorylated p-catenin 
is then transferred from Axin to APC, which shields the 
p-catenin phosphodegron from the PP2A phosphatase (Ha 
et al. 2004; Su et al. 2008) and promotes its ubiquitylation 
and degradation. In signaling cells, Wnt ligands bind to 
Frizzled and low-density lipoprotein receptor-related pro- 
tein 5/6 (Lrp5/6) cell surface receptors and disrupts 
association of pTrCP with the Axin destruction complex 
(Li et al. 2012) or, alternatively, releases p-catenin from 
Axin (Kim et al. 2013) to prevent destruction. The newly 
stabilized p-catenin then enters the nucleus and associates 
with LEF- 1 /TCF HMG proteins to activate canonical Wnt 
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target genes, including MYC, CCNDl, and AXIN2 (Valenta 
et al. 2012). 

APC is a multidomain scaffold protein containing 
seven armadillo (ARM) repeats, three 15-amino-acid re- 
peats (15Rs), seven 20-amino-acid repeats (20Rs), a cate- 
nin inhibitory domain (CID/segment B), three SAMP 
repeats, a site for EBl (end-binding protein- 1) binding 
and microtubule attachment, and a C-terminal PDZ- 
binding domain (Stamos and Weis 2013). The presence or 
absence of the CID in APC mutants may serve to fine- 
tune Wnt signaling to levels that are optimal for tumor 
formation in different tissues (Kohler et al. 2009). Most 
colon cancers express APC C-terminal truncation mu- 
tants that contain the 15Rs and 20R1 but lack the 20R2- 
CID region. The 20R2-CID domain is highly conserved 
and plays a critical role in APC -directed proteolysis of 
P-catenin (Roberts et al. 2011). However p-catenin does 
not bind to the APC 20R2-CID domain, and its function in 
proteolysis is unclear. 

At cell-cell adherens junctions, (B-catenin interacts 
with a-catenin, which connects the actin cytoskeleton 
to the adhesion complex (Stamos and Weis 2013). Unlike 
p-catenin, which functions as an oncogene, a-catenin is 
a potent tumor suppressor for breast and colon cancer, and 
its down-regulation or loss in aggressive and late stage 
cancers is correlated with metastasis (Vasioukhin et al. 
2001; Benjamin and Nelson 2008). In addition to its role in 
cell adhesion, a-catenin inhibits signaling through the 
Wnt, Ras, NF-kB, and Hedgehog pathways. Recent studies 
have identified a key role for a-catenin in the Hippo kinase 
cascade (Schlegelmilch et al. 2011; Silvis et al. 2011), 
which controls organ size and cell contact inhibition 
through the Yes-associated protein YAPl . YAPl is a potent 
coactivator in many signaling systems and also functions 
with p-catenin in TBX5 complexes to regulate anti-apo- 
ptotic genes in colon cancer (Rosenbluh et al. 2012). At 
high cell density, phosphorylated YAPl accumulates in 
the cytoplasm, where it is sequestered by a-catenin and 
inhibits Wnt signaling (Imajo et al. 2012). The YAPl 
homolog TAZ is degraded by the APC complex and is 
required for expression of many Wnt target genes ( Azzolin 
et al. 2012). Mechanistic studies of YAPl function in 
TGFp/SMAD signaling further reveal that it both stimu- 
lates transcription and promotes the exchange of coacti- 
vator and corepressor complexes at target genes (Alarcon 
et al. 2009; Aragon et al. 2011). Thus, a-catenin links cell 
adhesion signals to YAPl inactivation and the inhibition of 
cell proliferation. 

In the nucleus, p-catenin interacts with LEF-l/TCF 
DNA-binding proteins and activates Wnt target genes 
through a unique C-terminal activation domain. The 
N-terminal ARM repeat of p-catenin associates with 
BCL9/Legless and Pygopus, a PHD finger protein that 
binds H3K4me2 and promotes H3K4me3 at target gene 
promoters (Clevers and Nusse 2012; Valenta et al. 2012). 
We previously showed that APC is also recruited to Wnt 
target genes upon activation of the pathway and regulates 
the periodic exchange of p-catenin and TLEl/Gro co- 
repressor complexes (Sierra et al. 2006). This activity is 
lost in APC mutant colon cancer cells, and re-expression 



of full-length APC leads to transcriptional repression, loss 
of H3K4me3, and rapid release of p-catenin from the 
LEF-l/TCF complex at target genes. Because APC com- 
petes with LEF-1 for binding to p-catenin, it is unclear 
how it is selectively targeted to Wnt response elements 
(WREs) in vivo. 

To further understand the role of APC in Wnt signaling, 
we analyzed the composition of several Wnt regulatory 
complexes using multidimensional protein identifica- 
tion technology (MudPIT). Here we report that a-catenin 
associates with the APC tumor suppressor. This interac- 
tion is mediated through the CID, a major hot spot for 
APC deletions in colon cancer. Importantly, a-catenin 
controls phosphorylation and Ub-dependent proteolysis 
of p-catenin through the APC destruction complex. In 
addition, we show that a-catenin binds with p-catenin to 
LEF-l/TCF DNA-binding proteins and recruits APC in 
a complex with CtBP:LSDl to repress transcription and 
control p-catenin occupancy at target genes. Lentiviral 
shRNA-mediated knockdown of a-catenin results in a 
failure to switch off Wnt target genes in signaling human 
embryonic stem cells (hESCs), which leads to differenti- 
ation and up-regulation of endoderm-specific genes. 
These findings indicate an unsuspected role for a-catenin 
in APC -regulated transcriptional repression and proteo- 
lytic destruction of p-catenin. 

Results 

MudPIT proteomics analysis of a-catenin, p-catenin, 
APC, and LEF-l/TCF complexes 

To examine the composition of Wnt regulatory com- 
plexes, stable HEK293 cell lines expressing Flag-tagged 
human a-catenin, p-catenin, LEF-1, and TCF4 were iso- 
lated for affinity purification and MudPIT analysis. Be- 
cause ectopic expression of APC inhibits cell growth, we 
used a truncated Flag:APC (amino acids 1-2227) protein 
that retains the 3xl5R, CID, 7x20R, and SAMP repeats. 
Mass spectrometry analysis of affinity -purified FlagiAPC 
(amino acids 1-2227) complexes (Fig. lA; Supplemental 
Fig. S1A,B) revealed strong binding to the CtBP complex, 
including CtBP, REST corepressor 1 (RCORl), and LSDl 
H3K4mel/2 demethylase. In addition, we detected 
GNB2L1/RACK1, a-catenin (CTNNAl), proteasome sub- 
units, and low levels of p-catenin (CTNNBl ) but not Axin. 
The strong association of a-catenin, CtBP, and LSDl with 
native APC complexes was confirmed by immunoblot 
(Fig. IB). 

Previous studies detected a-catenin in the APC de- 
struction complex (Su et al. 1993; Lay ton et al. 2012), but 
it is not known to have a functional role. Because indirect 
binding of a-catenin to APC would not explain its 
prevalence in the complex, we asked whether p-catenin 
is required for a-catenin to associate with APC. Both 
a-catenin and p-catenin were readily detected in native 
APC complexes from HEK293 cells treated with control 
siRNA. Interestingly, a-catenin and CtBP remained in 
the APC complex upon knockdown of p-catenin (Fig. 
IC). Surprisingly, in the converse experiment, binding 
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Figure 1. a-Catenin interacts with the APC CID. [A] MudPIT analysis of the affinity-purified Flag:APC complex from HEK293 
cells. [B] Immunoblot/co-IP analysis of the native APC complex from whole-cell HEK293 lysates using antisera indicated at the 
right of each panel. (C) Immunoblot/co-IP analysis of the native APC complex in HEK293 cells treated with control-specific or 
p-catenin-specific siRNAs. [D] Immunoblot/co-IP analysis of the native APC complex in HEK293 cells treated with control- 
specific or a-catenin-specific siRNAs. {E) Immunoblot/co-IP analysis of the native p-catenin complex in HEK293 cells treated 
with control-specific or a-catenin-specific siRNAs. [F] Factor interaction site mapping by immunoblot (co-IP) analysis of trans- 
fected Flag: APC fragments in HEK293 cells. (G) Factor interaction site mapping by immunoblot (co-IP) analysis of transfected 
Flag: APC in-frame deletion mutants in HEK293 cells. The APC-binding sites for CtBP:LSDl and a-catenin are shown in the schematic 
diagram. 



of P-catenin to APC was significantly reduced in a-catenin 
knockdown cells (Fig. ID), whereas the binding of CtBP 
was unaffected. Thus, a-catenin selectively stabilizes 
the binding of p-catenin to the APC complex. Simi- 
larly, depletion of a-catenin reduced the association 
of APC and CtBP with p-catenin (Fig. IE). In contrast 
to current models, these data strongly suggest that 
a-catenin helps tether p-catenin to the APC destruction 
complex. 

Although p-catenin can bind APC directly through the 
3x1 5R or GSK3p-phosphorylated 7x20R domain (S tamos 
and Weis 2013), p-catenin destruction does not require 
the 3x1 5R domain and is instead mediated by the APC 
20R2-CID domain (Kohler et al. 2009; Roberts et al. 201 1). 
Because p-catenin does not interact directly with 20R2 or 
the CID, it remains unclear how it is targeted to the APC 
complex for destruction. 



a-Catenin interacts with the APC CID 

To investigate how a-catenin recognizes APC, partially 
overlapping Flag: APC fragments were expressed in FiEK293 
cells and analyzed by coimmunoprecipitation (co-IP) to 
map the binding site. As shown previously, exogenously 
expressed p-catenin binds weakly to the APC 3x1 5R and 
ARM domains. Fiowever, CtBP and LSDl bound much 
more strongly to the 3x1 5R fragment (Fig. IF) and there- 
fore may exclude binding of p-catenin to this site in the 
endogenous APC complex. Of note, a-catenin did not 
recognize the 3x1 5R fragment but bound instead to an 
adjacent fragment containing 20R1-R3 repeats and the 
CID (amino acids 1237-1542). Further mapping with a 
larger APC fragment (amino acids 995-1551) containing 
either the wild-type sequence or precise in-frame de- 
letions of the 3x1 5 R, 20R2, or CID domains established 
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that a-catenin recognizes the 62-amino-acid CID motif, 
whereas CtBP, RCORl, and LSDl interact with the 3xl5R 
domain (Fig. IG; Supplemental Fig. S1C,D). We did not 
detect binding of p-catenin to Flag:APC (amino acids 995- 
1551) under the stringent conditions used in this experi- 
ment. We conclude that a-catenin targets the CID and helps 
to stabilize the association of (B-catenin with the APC 
complex. Because the APC CID is essential for (B-catenin 
ubiquitylation and proteolysis (Kohler et al. 2009; Roberts 
et al. 2011), these findings strongly suggested a possible 
functional role for a-catenin in the destruction complex. 

a-Catenin regulates p-catenin ubiquitylation 
and proteolysis 

One critical role for APC is to protect the p-catenin 
phosphodegron from dephosphorylation by the PP2A 



phosphatase (Su et al. 2008), which promotes ubiquityla- 
tion by preserving the binding site for pTrCPl . To address 
whether a-catenin contributes to this process, p-catenin 
was transiently induced in HEK293 cells using the GSKSp 
inhibitor Factor XV (Atilla-Gokcumen et al. 2006), and the 
ubiquitylated proteins were detected following with- 
drawal of Factor XV in the presence of the protease 
inhibitor MG132. High-molecular- weight Ub-conjugated 
P-catenin complexes were visualized by immunoblot 
of anti-Ub immunoprecipitates (Fig. 2A). Importantly, 
ubiquitylation of native p-catenin was strongly inhibited 
in a-catenin-depleted cells, similar to that observed in 
APC knockdown cells. Knockdown of APC or a-catenin 
also reduced p-catenin S33 phosphorylation (Fig. 2A). 
Thus, a-catenin functions within the APC destruction 
complex to facilitate the ubiquitylation of p-catenin. 
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Figure 2. a-Catenin facilitates p-catenia proteolysis by the APC destruction complex. [A] Immunoblot of anti-Ub immunoprecipitates 
for p-catenin and S33-phosphorylated p-catenin (P-p-catenin) from nuclear extracts of HEK293 cells treated with control-specific (si CTL), 
a-catenin-specific (si a-catenin), or APC-specific (si APC) siRNAs. Following 48 h of incubation with each siRNA, p-catenin was induced 
for 12 h with 10 nM Factor XV, and cells were incubated in fresh medium containing MG132 for the times indicated above each lane. (B) 
Immunoblot and co-IP analysis of transfected Flag: p-catenin from HEK293 cells treated with control-specific or a-catenin-specific 
siRNAs. Cells were cotransfected with HA-Ub and treated with MG132 as indicated. (C) Measurement of the half-life (ti/2) of native 
P-catenin in nuclear extracts. HEK293 cells were incubated with CHX for the indicated times and transfected with control-specific (si 
CTL), a-catenin-specific, APC-specific, or pTrCP-specific siRNAs as indicated. The knockdown efficiency of each siRNA was assessed by 
immunoblot in the bottom panel (Lysate). [D] Immunoblot/co-IP of wild-type and point mutant (T120A and Y142A) Flag: p-catenin 
expressed in HEK293 cells. (£) Immunoblot/co-IP of wild-type and point mutant (T120A and Y142A) Flag: p-catenin expressed in HEK293 
cells. Cells were cotransfected with HA-Ub and treated with MG132. [F] TOP-FLASH reporter gene analysis of wild-type and point 
mutant (T120A and Y142A) Flag: p-catenin activity in transfected HEK293 cells. (G) Measurement of the half-life (ti/2) of wild-type and 
point mutant Flag: p-catenin proteias in nuclear extracts. Transfected HEK293 cells were incubated with CHX for the indicated times. 
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To confirm these findings, Flag-tagged p-catenin was 
cotransfected with HA-tagged Ub (HA-Ub) in cells treated 
with control-specific or a-catenin-specific siRNA, and 
the ubiquitylated protein was visualized by immunoblot 
of Flag:p-catenin immunoprecipitates with anti-HA anti- 
body (Fig. 2B). Importantly, the level of HA-Ub -conjugated 
p-catenin was dramatically reduced in a-catenin-depleted 
cells. Immunoblot with a phospho-specific antibody fur- 
ther showed reduced p-catenin S33 phosphorylation and 
binding to pTrCPl in these cells. These data indicate that 
a-catenin promotes ubiquitylation in part by protecting 
the p-catenin phosphodegron and association with pTrCPl. 

To determine whether a-catenin affects p-catenin pro- 
tein stability, de novo protein synthesis was blocked 
using the translation inhibitor cycloheximide (CHX). 
Immunoblot of p-catenin at different time points revealed 
a half-life of —33 min for the native protein in HEK293 
cells (Fig. 2C; Supplemental Fig. S2A). Interestingly, 
knockdown of a-catenin extended the half-life of 
p-catenin to an extent similar to that observed in cells 
depleted of APC or pTrCPl, whereas p-catenin stability 
was unaffected by a control siRNA. The knockdown 
efficiency for each protein was confirmed by immunoblot. 
We conclude that a-catenin is required for APC -regulated 
ubiquitylation and proteolysis of p-catenin. 

p-Catenin proteolysis requires binding to a-catenin 

a-Catenin binds to the p-catenin N terminus (amino 
acids 1 18-146) near the phosphodegron (Stamos and Weis 
2013). To address whether this interaction is required for 
p-catenin proteolysis, we identified two point mutations 
in this region (T120A and Y142A) that destroy binding to 
a-catenin in co-IP experiments (Fig. 2D). Coexpression 
of these proteins with HA-Ub in MG132-treated cells 
revealed that both mutations greatly impair p-catenin 
ubiquitylation without affecting overall protein expres- 
sion (Fig. 2E). Moreover, these mutants were defective for 
S33 phosphorylation and binding to pTrCPl (Fig. 2E) and 
were more active than wild-type p-catenin in the TOP- 
FLASH reporter assay (Fig. 2F). Immunoblot analysis of 
the Flag: p-catenin protein levels in nuclear extracts from 
CHX-treated cells revealed that the half-life of each 
mutant was significantly higher than the wild-type pro- 
tein (Fig. 2G; Supplemental Fig. S2B). Thus, binding of 
p-catenin to a-catenin is also necessary for Ub-dependent 
proteolysis by the APC complex. 

a-Catenin tyrosine phosphorylation at Yl 77 
disrupts binding to APC 

In parallel, we also mapped the domain of a-catenin re- 
quired for binding to APC. p-Catenin recognizes an 
a-helical motif at the N terminus of a-catenin (amino 
acids 117-143) (Huber et al. 1997), and we found that 
N-terminal truncation of a-catenin (A amino acids 1-128) 
eliminated binding to p-catenin in co-IP experiments (Fig. 
3A). Interestingly, this mutant retained the ability to bind 
APC, confirming that a-catenin can bind APC indepen- 
dently of p-catenin. However, further truncation of 
a-catenin to amino acid 189 destroyed the binding to 



APC, indicating that p-catenin and APC recognize adja- 
cent sites within the a-catenin VHl domain. Inspection 
of a global phosphoproteomics database (http://www. 
phosphosite.org) indicates that this region includes a ma- 
jor site of a-catenin tyrosine phosphorylation (Y117) in 
multiple transformed cell lines. Consistent with this 
possibility, endogenous a-catenin immunoprecipitates 
and purified Flagia-catenin fractions from HEK293 
cells were readily detected by immunoblot with an anti- 
phosphotyrosine-specific antibody, and the signal was 
enhanced by serum (Fig. 3B). Moreover, a point mutation 
at this site (Y177F) blocked phosphorylation without 
affecting overall protein expression (Fig. 3B, top panel), 
and phosphorylation was also inhibited in a dose-depen- 
dent manner by a Src family kinase inhibitor, Dasatinib 
(Fig. 3B, bottom panel). Thus, Yl 77 is a prominent site of 
a-catenin tyrosine phosphorylation in vivo. 

To address whether tyrosine phosphorylation affects 
binding to APC, co-IP experiments were carried out with 
the Flag-tagged a-catenin wild-type and Y177F proteins. 
Remarkably, the a-catenin Y177F mutation enhanced 
binding to APC without affecting the interaction with 
P-catenin (Fig. 3A). Thus, Yl 77 phosphorylation signifi- 
cantly inhibits binding of a-catenin to APC in HEK293 
cells. In support of this finding, the Y177F mutant was 
also a more potent repressor of Wnt/p-catenin trans- 
activation in the TOP-FLASH reporter assay (Fig. 3C) 
and at endogenous Wnt target genes (Fig. 3D). Similarly, 
Dasatinib enhanced the binding of a-catenin to APC 
(Supplemental Fig. S3 A) and transcriptional repression 
(Supplemental Fig. S3B). Further analysis revealed that 
point mutation of the residue adjacent to Yl 77, Ql 76 
(Q176A), reduced binding of a-catenin to APC in co-IP 
experiments and disrupted transcription repression in 
vivo (Fig. 3E,F). In cellular proliferation assays, ectopic 
a-catenin Y177F strongly suppressed cell growth, 
whereas the Ql 76 A mutant did not (Supplemental Fig. 
S3C). K178 mutation (K178A) had only a modest effect. 
Thus, a-catenin Yl 77 phosphorylation disrupts binding 
to APC and further enhances p-catenin transactivation in 
transformed cells. 

a-Catenin binds with p-catenin to LEF-l/TCF 
complexes in WntSa signaling cells 

We previously showed that APC accompanies p-catenin 
target genes to switch off transcription and signaling at 
the gene (Sierra et al. 2006). Because p-catenin:LEF-l/TCF 
complexes cannot bind APC directly, it is unclear how 
APC is specifically targeted to WREs. Our current find- 
ings suggested that APC can target p-catenin indirectly 
through a-catenin. Although p-catenin is widely consid- 
ered to bind LEF-l/TCF as a monomer, a-catenin has been 
detected in the nucleus and is a potent repressor of Wnt 
target genes in transformed cells (Benjamin and Nelson 
2008). 

To examine the composition of LEF-l/TCF and p-catenin 
complexes, Flag: p-catenin, Flag:LEF-l, and Flag:TCF4 
complexes were affinity -purified from stable HEK293 cell 
lines in the absence and presence of Factor XV, which 
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Figure 3. Tyrosine phosphorylation of a-catenin regulates binding to APC. (A) Immunoblot/co-IP analysis of wild-type (WT) or mutant 
Flag:a-catenin in HEK293 cells cultured in 10% serum using antisera indicated at the right of each panel. [B] Immunoblot of wild- type 
(WT) or Y177F mutant Flag:a-catenin in HEK293 cells. {Top panel) Where indicated, cells were incubated for 24 h in 0.1% (-) or 10% (+) 
serum. {Bottom panel) Immunoblot analysis of native a-catenin with anti-P-Tyr antisera from HEK293 cells (10% serum). Cells were 
treated with Dasatinib as indicated. The domain structure of human a-catenin is shown at the bottom. (C) Repression of TOP-FLASH 
reporter gene activity in transfected HEK293 cells expressing wild- type (WT) or point mutant (Y177F) Flag:a-catenin. Where indicated, 
cells were cotransfected with a p-catenin expression vector. a-Catenin expression was measured in the immunoblot at the right. {D] 
Repression of endogenous Wnt target genes by wild- type (WT) and Y177F a-catenin in HCT116 cells. mRNA levels were measured by 
qRT-PCR. (£) Immunoblot/co-IP of wild-type and point mutants (Q176A, Y177F, and K178A) that Flag:a-catenin expressed in HEK293 
cells. {F] TOP-FLASH reporter gene analysis of wild-type and point mutant (Q176A, Y177F, and K178A) Flag:a-catenin toward p-catenin 
activity in transfected HEK293 cells. 



stabilizes and promotes nuclear entry of (B-catenin. The 
purified complexes were subjected to MudPIT, and inter- 
acting proteins were ranked by relative abundance 
according to peptide spectral counts (Fig. 4A; Supplemen- 
tal Fig. S4A). Nonspecific proteins detected in mock Flag 
immunoprecipitations from parental FLEK293 cells or in 
preparations of unrelated Flag-tagged proteins were ex- 
cluded from further consideration. The highest-ranked 
proteins in the Flag: p-catenin MudPIT data set included 
a-catenin, the CTNNBIPl/ICAT inhibitor, cadherins, ac- 
tin cytoskeletal proteins, APC destruction complex com- 
ponents (APC, Axinl, GNB2L1/RACK1, GSK3(B, CKlal, 
CtBPl, and CtBP2), and the HMG DNA-binding proteins 
TCF7L2/TCF4 and LEF-1 (Fig. 4A; Supplemental Fig. S4A). 

In parallel, affinity-purified Flag:LEF-l and Flag:TCF4 
complexes isolated from mock-treated or Factor XV- 



treated cells were also subjected to MudPIT. As expected, 
P-catenin was highly enriched in the Flag:LEF-l and 
Flag:TCF4 fractions isolated from Factor XV-stimulated 
cells. Surprisingly, however, these fractions also con- 
tained very high levels of a-catenin. In contrast, other 
P-catenin-interacting proteins, including CTNNBPl/ 
ICAT and cadherins, were not found in the LEF-1 /TCF4 
complexes. Like p-catenin, a-catenin was not detected in 
the LEF-1 and TCF4 complexes in the absence of signal- 
ing. Strikingly, near-stoichiometric levels of a-catenin 
and p-catenin could also observed by SDS-PAGE and 
silver staining (Fig. 4B), and the strong signal-dependent 
interaction was confirmed by immunoblot (Fig. 4C; Sup- 
plemental Fig. S4B) of Flag:LEF-l and Flag:TCF4 complexes 
purified from Factor XV-treated cells. The association of 
a-catenin with Flag:LEF-l was eliminated in p-catenin 
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Figure 4. p-Catenin recruits the a-catenin:APC complex to LEF-l/TCF complexes. [A] MudPIT analysis of affinity-purified 
Flag: p-catenin and Flag:LEF-l complexes isolated from HEK293 cells without and with 100 nM Factor XV, respectively. Shown is a subset 
of the identified interacting proteins ranked in abundance according to the total number of peptides identified by mass spectrometry 
and the percentile of protein sequence coverage. [B] SDS-PAGE and silver stain analysis of Flag: p-catenin, Flag:LEF-l, and Flag:TCF4 
complexes isolated from untreated and 100 nM Factor XV- induced HEK293 cells, as indicated. (C) Immunoblot/co-IP analysis of 
Flag:LEF-l complexes affinity-purified from HEK293 cells transfected with control-specific (si CTL), a-catenin-specific, or p-catenin- 
specific siRNAs. {Bottom panels) The knockdown efficiency of each siRNA was analyzed by immunoblot of the lysate. Where 
indicated, cells were treated for 4 h with 100 nM Factor XV. (D) Immunoblot time-course analysis of native LEF-1 immunoprecipitates 
in WntSa signaling HEK293 cells. Cells were incubated with WntSa-conditioned medium for the times indicated. Immunoblot analysis 
of the input nuclear fraction is shown in the bottom panels. (£) ChIP analysis of the AXIN2, DKKl, or SP5 genes in HEK293 cells 
treated with WntSa-conditioned medium for the indicated times. Factor occupancy at the WRE (black) or coding (gray) regions was 
measured using the specific antisera indicated above each panel. Bars represent the average of triplicate experiments. 



knockdown cells, whereas in the converse experiment, 
the p-catenin:LEF-l interaction was unaffected by a-catenin 
knockdown (Fig. 4C). Thus, p-catenin recruits high levels 
of a-catenin to Flag:LEF-l complexes. 

The high number of recovered peptides and the in- 
tensity of the corresponding silver-stained bands indicate 
that a-catenin is present in the vast majority of assembled 
P-catenin:LEF-l/TCF complexes. To confirm these results, 
we analyzed native LEF-1 complexes in Wnt3a-induced 
FLEK293 cells. Immunoblot experiments revealed high 



levels of a-catenin in the p-catenin:LEF-l/TCF complexes 
induced in response to Wnt3a (Fig. 4D) or Factor XV 
(Supplemental Fig. S4B). Further analysis showed that 
a-catenin is present in both the nucleus and cytoplasm in 
FLEK293 cells and that exposure to Wnt3a ligand (Fig. 4D) 
or Factor XV (Supplemental Fig. S4C) selectively in- 
creased p-catenin levels in the nucleus without affecting 
the level or subcellular distribution of a-catenin (Supple- 
mental Fig. S4D). In addition, high levels of a-catenin 
were found in native LEF-1 complexes from FLCT116 
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colon cancer cells (Supplemental Fig. S4E), which express 
wild-type APC and a constitutively stable p-catenin 
protein. Thus, a-catenin is an integral component of 
p-catenin:LEF-l/TCF complexes in WntSa signaling cells. 

To further explore the APC complex, we also examined 
the composition of affinity-purified HEK293 Flag:a-catenin 
complexes (Supplemental Fig. S4F). MudPIT analysis 
detected cell adhesion and cytoskeletal proteins, 14-3-3 
proteins, p-catenin, 7-catenin, LEF-1, TCF4, CTNNBIPl/ 
ICAT, and APC in these fractions (Supplemental Fig. S4F). 
The levels of p-catenin were much higher than APC in 
these fractions, consistent with the observation that 
a-catenin Yl 77 phosphorylation in HEK293 cells disrupts 
binding to APC. Nevertheless, endogenous APC could be 
readily detected in native LEF-1 complexes immunopre- 
cipitated from Wnt3a signaling cells (Fig. 4D). 

p-Catenin recruits a-catenin to Wnt target genes 

The presence of a-catenin in the vast majority of Wnt3a- 
induced LEF-1 complexes indicates that it is likely to be 
recruited with p-catenin to endogenous Wnt target genes. 
This possibility was addressed with chromatin immuno- 
precipitation (ChIP) experiments in Wnt3a signaling 
HEK293 cells. Significantly, a-catenin and p-catenin 
bound with similar kinetics to the AXIN2, DKKl, and 
SP5 gene WREs in cells incubated with Wnt3 -conditioned 
medium (Fig. 4E). APC was also recruited to the induced 
genes, whereas LEF-1 was bound at the WRE before and 
after signaling. In addition, a-catenin was recruited 
with p-catenin to the AXIN2 WRE in cells induced with 
Factor XV (Supplemental Fig. S4G). The ChIP signals for 
APC, a-catenin, p-catenin, and LEF-1 were detected only 
at the WRE and not in the downstream region. Thus, APC 
and a-catenin are recruited to target gene WREs in 
response to Wnt3a signaling. 

a-Catenin recruits APC to Wnt target genes 

The findings suggest that a-catenin may direct APC to 
p-catenin:LEF-l/TCF complexes to terminate transcrip- 
tion at the gene and mediate the exchange of coactivator 
and corepressor complexes. As expected, a-catenin knock- 
down in HEK293 cells induced endogenous Wnt target 
genes {AXIN2, DKKl, and SP5] without affecting p-catenin 
mRNA levels (Supplemental Fig. S5A) and increased 
steady-state p-catenin protein levels (Supplemental Fig. 
S5B). Consistent with earlier reports that a-catenin re- 
presses Wnt/p-catenin transactivation (Benjamin and 
Nelson 2008), ectopic a-catenin also inhibited TOP-FLASH 
reporter activity in a dose-dependent manner (Supplemen- 
tal Fig. S5C). 

We next carried out a series of RNAi-ChIP experiments 
to examine how these factors are recruited to the AXIN2 
WRE in vivo. ChIP analysis revealed that a-catenin 
and p-catenin are stably bound at the AXIN2 WRE in 
HCT116 colon cancer cells, and p-catenin occupancy 
was unaffected in a-catenin knockdown cells (Fig. 5A). 
In the converse experiment, the occupancy of both 
p-catenin and a-catenin at the AXIN2 WRE was reduced 



in p-catenin knockdown cells, indicating that p-catenin 
recruits a-catenin to LEF-l/TCF complexes on DNA. 
Moreover, depletion of either p-catenin or a-catenin sig- 
nificantly decreased APC occupancy at the AXIN2 WRE 
(Fig. 5A), indicating that a-catenin recruits APC to the 
p-catenin: LEF-1 complex in vivo. Identical results were 
obtained at the c-MYC gene in HCTl 16 cells (Supplemental 
Fig. S5D,E). Importantly, depletion of a-catenin, APC, or 
LSDl strongly increased anchorage-independent cell 
growth in soft agar colony growth experiments (Supple- 
mental Fig. S5F), indicating that each of these factors 
inhibits endogenous Wnt signaling in HCTl 16 cells. 

The regulation of Wnt target genes was also examined 
in a-catenin-nuU PC3 metastatic prostate cancer cells. 
Re-expression of a-catenin in these cells (PC3-a-catenin) 
strongly enhances cell adhesion and inhibits cell growth 
(Inge et al. 2008). Quantitative RT-PCR (qRT-PCR) 
experiments confirmed widespread repression of Wnt 
target genes (AXIN2, KLK3, cMYC, HMGl, DKKl, and 
CCNDl) in PC3-a-catenin cells compared with control 
PC3 cells (Fig. 5B), whereas p-CATENIN, E2F1, and 
MAML2 mRNA levels were unaffected. ChIP experi- 
ments revealed that a-catenin restored binding of APC 
and LSDl to the AXIN2 WRE, accompanied by a loss of 
H3K4me3 and reduced p-catenin occupancy (Fig. 5C). 
Identical results were obtained at the cMYC WRE in PC3- 
a-catenin cells (Supplemental Fig. S5G). The re-expressed 
a-catenin reduced nuclear p-catenin protein levels 
without affecting mRNA levels (Supplemental Fig. 
S5H). Furthermore, knockdown of LSDl up-regulated 
AXIN2 mRNA levels in Wnt3a signaling HEK293 
cells (Supplemental Fig. SSI, left panel). ChIP analysis 
revealed that LSDl occupancy increased at the AXIN2 
WRE in response to Wnt3a signaling, and knockdown of 
LSDl decreased H3K4me2/3 levels at the gene (Supple- 
mental Fig. SSI, right panel). Thus, a-catenin recruits 
APC and LSDl to switch off transcription at the AXIN2 
gene. 

To define the domain of APC responsible for targeting 
to the WRE, wild-type and mutant FlagiAPC proteins 
were ectopically expressed in DLDl colon cancer cells 
and examined by ChIP for binding to the endogenous 
AXIN2 WRE. DLDl cells contain biallehc APC trunca- 
tions that both express APC mutant proteins that lack 
the CID and constitutively activate Wnt target genes. 
Chip analysis revealed that p-catenin, a-catenin, and 
LEF-1 are stably bound to the AXIN2 WRE in these cells 
(Supplemental Fig. SSJ). As observed previously (Sierra 
et al. 2006), newly expressed Flag: APC rapidly binds to 
the AXIN2 WRE and could be readily detected by ChIP 
using an anti-Flag antibody. Interestingly, the Flag:APC 
(amino acids 1-1 SSI) mutant, which retains the CID and 
can repress Wnt/p-catenin transactivation (Supplemental 
Fig. SSK), was efficiently targeted to the AXIN2 WRE. In 
contrast, the shorter Flag:APC (amino acids 1-832) mu- 
tant, which lacks the CID and cannot inhibit p-catenin 
activity (Supplemental Fig. SSK), did not bind to the 
AXIN2 gene (Supplemental Fig. SSJ). Thus, a-catenin 
and the CID are both required for targeting of APC to 
the AXIN2 WRE in vivo. 
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Figure 5. RNAi-ChIP analysis of a-catenin-mediated repression of Wnt target genes. (A) RNAi-ChIP analysis of the AXIN2 WRE 
(black) and coding region (gray) in HCT116 cells treated with control-specific (si CTL), p-catenin-specific, or a-catenin-specific siRNAs. 
Chromatin was immunoprecipitated with the antisera indicated above each panel. {Bottom right panel) The knockdown efficiency was 
measured by immunoblot. [B] qRT-PCR analysis of endogenous Wnt target gene mRNA levels in stable PC-3 cell lines expressing an 
empty vector (gray) or a-catenin (black). Each bar represents the average of three independent experiments. {Right panel) Expression of 
a-catenin and p-catenin was examined by immunoblot. (C) ChIP analysis at the AXIN2 WRE in control PC-3 (gray) and a-catenin- 
expressing (black) PCS cells using the antisera indicated above each panel. 



APC and a-catenin regulate p-catenin turnover 
at Wnt target genes 

We next examined whether a-catenin, like APC, affects 
the kinetics of (B-catenin release from AXIN2 following 
the withdrawal of Factor XV. ChIP experiments revealed 
high levels of RNA polymerase II (RNAPII) SerSP at the 
AXIN2 gene promoter in HEK293 cells prior to p-catenin 
induction (Supplemental Fig. S6A), indicating the pres- 
ence of paused or inefficiently elongating RNAPII com- 
plexes. Gene activation was accompanied by a strong 
increase in RNAPII Ser2P levels at the promoter and in 
the AXIN2 coding region. Withdrawal of Factor XV 
resulted in a rapid loss of (B-catenin and phosphorylated 
RNAPII, whereas LEF-1 remained bound to the WRE. 
Moreover, a-catenin and APC were recruited to the gene 
upon signaling and rapidly released upon Factor XV 
withdrawal. 

Remarkably, knockdown of a-catenin strongly delayed 
the release of p-catenin from the AXIN2 gene upon Factor 
XV withdrawal (Fig. 6A). Moreover, histone H2Bub, 
H3K4me3, and RNAPII Ser2P elongation complex levels 
remained high in these cells despite withdrawal of the 



inducer. The extended occupancy of p-catenin and asso- 
ciated coactivators at the AXIN2 WRE is consistent with 
the loss of ubiquitylation and increased p-catenin protein 
stability seen in a-catenin knockdown cells (Fig. 2A-C). 

We also noted that Factor XV withdrawal induced the 
rapid release of a-catenin and p-catenin from Flag:LEF-l 
complexes in co-IP experiments (Supplemental Fig. S6B). 
Treatment of these cells with MG132 prevented the 
release of a-catenin and p-catenin from the Flag:LEF-l 
beads, accompanied by increased p-catenin S33 phos- 
phorylation and presumptive ubiquitylation, as visual- 
ized by immunoblot of HA-Ub-labeled proteins (Fig. 6B). 
High levels of ubiquitylated p-catenin in these fractions 
were confirmed by p-catenin immunoblot of anti-Ub 
immunoprecipitates (Fig. 6C). Thus, the APC destruction 
complex might regulate disassembly of the a-catenin: 
P-catenin:LEF-l complex. Consistent with this possibil- 
ity, knockdown of either APC or pTrCPl prevents the 
dissociation of p-catenin:Flag:LEF-l complexes (Fig. 6D) 
compared with cells treated with a control siRNA. Most 
importantly, identical results were obtained in cells de- 
pleted of a-catenin (Fig. 6E). Thus, a-catenin acts with 
APC and pTrCPl to regulate p-catenin:LEF-l complex 
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levels in the soluble fraction and on chromatin at the 
AXIN2 WRE. 

Knockdown of a-catenin prolongs Wnt signaling 
and promotes hESC endodermal differentiation 

Cell adhesion complexes are often disrupted in trans- 
formed cells, leading a-catenin and (B-catenin to accumu- 
late in the cytoplasm and nucleus to levels significantly 
higher than seen in primary cells. Consequently, we 
asked whether a-catenin and APC are also present at 
Wnt enhancer complexes in hESCs, which are induced to 
differentiate to mesodermal and endodermal cell fates in 
response to Wnt3a ligand or GSKSp inhibitors (Wray and 
Hartmann 2012). As shown in Figure 7 A, treatment of HI 



hESCs with either Wnt3a ligand or Factor XV strongly 
induced canonical Wnt target genes [AXIN2 and SP5] 
followed by a delayed activation of endodermal marker 
genes (CRCX4, SOX17, and FOXA2] at 48 h. Subcellular 
fractionation analysis revealed that p-catenin and 
a-catenin localize predominantly to the cytoplasm and 
cell membrane in these cells, whereas LEF-1 is nuclear, 
and APC distributes in both cytoplasmic and nuclear 
fractions (Supplemental Fig. S7A). Unlike the situation in 
transformed cells, (B-catenin and a-catenin levels are low 
in the nucleus and scarcely increase following 4 h of in- 
cubation with Factor XV (Supplemental Fig. S7A), sug- 
gesting that functional destruction complexes are more 
limiting in hESCs. However, (B-catenin levels clearly 
increased at longer time intervals at 48 h and 72 h 
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Figure 7. a-Catenin inhibits Wnt/(3-catenin-induced transcription and hESC differentiation. [A] Time-course qRT-PCR analysis of 
canonical Wnt target genes and endodermal differentiation marker genes in hESCs treated with 50 nM Factor XV {top panel) or 
recombinant WntSa {bottom panel). mRNA levels were normalized to GAPDH. {B) ChIP analysis of the AXIN2 and SP5 genes in hESCs 
in mock-treated cells (uninduced, gray) or cells treated with 50 nM Factor XV for 6 h (black). The antisera used for ChIP are indicated 
above each panel. H3K27me3 and H3K4me3 levels at the SP5 gene were normalized to total histone H3. (C) qRT-PCR analysis of 
canonical Wnt target genes and endodermal differentiation marker genes. mRNA levels were measured in stable hESC lines expressing 
control-specific or a-catenin-specific shRNAs. Cells were treated with Factor XV for 24 h (gray) followed by withdrawal and incubation 
with fresh medium for an additional 24 h (black). The schematic at the right illustrates how cells treated with a-catenin shRNA but not 
control shRNA fail to terminate Wnt-induced transcription of endodermal differentiation genes, and p-catenin signaling progresses to 
activate the endoderm differentiation pathway. (D) Summary and model for the role of a-catenin in the APC destruction complex 
(shown in the top panel) and in recruiting the APC complex to p-catenin:LEF-l complexes at Wnt target genes. See the text for details. 
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following induction, especially in the nuclear fraction 
(Supplemental Fig. S7B). Thus, functional APC com- 
plexes appear to be limiting at early times in induced 
hESCs but are sufficient to enable the rapid induction of 
Wnt target genes. 

Chip analysis at the AXIN2 and SP5 genes confirmed 
that p-catenin was recruited rapidly upon Factor XV 
induction of hESCs, and gene activation was accompa- 
nied by increased levels of RNAPII Ser2P and H3K4me3 
and loss of H3K27me3 (Fig. 7B). APC and LSDl were also 
recruited with (B-catenin to the AXIN2 WRE in hESCs. 
This binding was specific to LEF-1 at the WRE and was 
not observed in a control intergenic region. To examine 
the role of the APC destruction complex in the turnover 
of p-catenin at the target gene, stable hESCs were derived 
expressing APC or a-catenin shRNAs (Supplemental Fig. 
S7C). Wnt target gene mRNA levels remained elevated in 
stable a-catenin knockdown or APC knockdown hESCs 
following withdrawal of Factor XV (Fig. S7D), consistent 
with the high levels of p-catenin and RNAPII Ser2P 
observed at the AXIN2 gene in APC-depleted hESCs 
(Supplemental Fig. S7E). Importantly, a-catenin knock- 
down cells also induced Wnt differentiation gene (SOXl 7, 
CXCR4, and FOXA2) expression following transient 
activation of p-catenin, unlike cells expressing a control 
shRNA (Fig. 7C). In this experiment, induction of p-catenin 
was terminated after 24 h by removal of Factor XV. In 
control cells, none of the Wnt endodermal differentia- 
tion genes were activated. However, in cells depleted of 
a-catenin, Wnt target genes fail to switch off, and the 
differentiation genes are strongly induced. Similar effects 
were also observed in hESCs depleted of Axin, consistent 
with a role for a-catenin in the destruction complex 
(Supplemental Fig. S7F). Importantly, a-catenin depletion 
was unable to activate target genes in the absence of 
Factor XV, indicating that the effect is specific for Wnt/ 
P-catenin-induced transcription (Fig. 7C, 0 h). We con- 
clude that a-catenin is required to switch off Wnt target 
gene expression and prevent p-catenin-induced differen- 
tiation in hESCs. In summary, the findings reported here 
indicate that a-catenin interacts with the APC CID and 
facilitates p-catenin proteolysis through stabilizing the 
destruction complex and promoting ubiquitylation. In 
addition, we found that a-catenin directs the APC com- 
plex to WREs to control H3K4 methylation and the 
exchange of coregulator complexes (Fig. 7D). 

Discussion 

In this study, we demonstrate that a-catenin interacts 
with the APC tumor suppressor to repress Wnt target 
gene expression and facilitate proteolysis of the p-catenin 
transcriptional activator. This interaction is mediated 
through the APC CID, a mutation hot spot for APC in 
colon cancers that is essential for the destruction of 
P-catenin. The association of a-catenin with APC is 
independent of p-catenin, and APC and p-catenin bind 
to distinct but adjacent sites at the N terminus of a-catenin. 
Most importantly, a-catenin promotes p-catenin ubiquityla- 
tion and proteolysis by both stabilizing the association 



of p-catenin with the APC destruction complex and 
preserving the phosphodegron. Using MudPIT proteo- 
mics analysis of Wnt regulatory complexes, we discov- 
ered that a-catenin accompanies p-catenin to LEF-1 /TCF 
complexes at target genes in Wnt3a signaling cells and 
recruits APC in a large complex containing CtBP:RCORl: 
LSDl. We previously showed that full-length APC rapidly 
localizes to the WREs of target genes when re-expressed 
in HT29 colon cancer cells and functions to switch off 
transcription and recruit the Gro/TLE corepressor (Sierra 
et al. 2006). The current findings show that a-catenin 
targets APC to the p-catenin:LEF-l WRE complex (Fig. 
7D). Knockdown of either a-catenin or APC prevents the 
release of p-catenin from LEF-1 complexes upon termina- 
tion of signaling and strongly prolongs p-catenin occu- 
pancy at the WRE. Last, we found that APC and a-catenin 
are also recruited to Wnt target genes in signaling hESCs. 
Failure to switch off Wnt target genes upon knockdown of 
a-catenin in hESCs potently up-regulates endodermal 
differentiation genes. Thus, a-catenin acts through APC 
to control both p-catenin stability and activity at Wnt 
target genes. 

A role for a-catenin in the APC destruction complex 

Several observations support the idea that a-catenin has an 
important functional role within the APC destruction com- 
plex. First, p-catenin ubiquitylation and proteolysis were 
strongly inhibited by point mutations (T120 and Y142) that 
prevent binding to a-catenin as well as by siRNA-mediated 
knockdown of a-catenin. Second, a-catenin was required to 
preserve the p-catenin phosphodegron and association with 
pTrCPl. These results support earlier observations that 
full-length APC, but not cancer-associated mutants, pro- 
tects the p-catenin phosphodegron from the PP2A phos- 
phatase (Su et al. 2008) and that APC regulation of 
p-catenin phosphorylation occurs within a complex that 
includes a-catenin (Layton et al. 2012). Third, we showed 
that a-catenin recognizes the APC CID and selectively 
stabilizes binding of p-catenin to the native APC com- 
plex. It remains to be determined whether the a-catenin: 
APC interaction is direct or mediated through additional 
factors. Although ectopically expressed p-catenin can 
recognize the APC 3x1 5R, this domain is not required 
for proteolysis by the full-length APC protein (Kohler et al. 
2009; Roberts et al. 2011). Moreover, the 3xl5R domain 
interacts strongly with the CtBP:RCORl:LSDl complex, 
which might block the access of p-catenin to this site in 
the native complex. Instead, we found that a-catenin 
helps tether p-catenin to APC both within the destruc- 
tion complex and at LEF-1 /TCF complexes bound to the 
WRE. Recent studies indicate that p-catenin is degraded 
within a large cytoplasmic Axin 1 -pro teasome complex 
(Li et al. 2012), and a-catenin may have additional 
contacts and functions within this destruction complex. 

Global phosphoproteome studies indicate that the 
APC-binding site in a-catenin is frequently tyrosine- 
phosphorylated at Yl 77 in transformed cells (http://www. 
phosphosite.org). We show that a-catenin Yl 77 phosphor- 
ylation selectively disrupts binding to APC but not p-catenin 



2484 GENES & DEVELOPMENT 



a-Catenin interacts with the APC tumor suppressor 



and that point mutation of this site (Y177F) blocks 
phosphorylation and strongly potentiates binding to APC 
and repression of Wnt target genes. Conversely, the 
Ql 76 A mutation both reduces binding of a-catenin to 
APC and disrupts its ability to repress transcription and 
cell growth. Tyrosine phosphorylation of |3-catenin was 
previously suggested to inhibit binding to both E-cad- 
herin and a-catenin in cancer cells (Ji et al. 2009). Thus, 
tyrosine kinases may act through multiple mechanisms 
to increase p-catenin levels in the nucleus and disrupt 
Wnt target gene repression. At later stages of cancer 
progression, a-catenin is frequently deleted or repressed 
by promoter methylation (which would fully stabilize 
P-catenin and constitutively activate Wnt target genes) 
coordinately with a loss in cell adhesion and increased 
metastasis. It will be important to identify the tyrosine 
kinase responsible for a-catenin Yl 77 phosphorylation 
because inhibiting this step might help counteract onco- 
genic p-catenin activity in EGFR-positive and other 
cancers that express wild-type APC. 

A role for a-catenin and APC in the l3-catenin:LEF-l/ 
TCP complex at Wnt target genes 

Our findings also have interesting implications for the 
role of a-catenin in the Hippo kinase cascade, which 
controls organ cell growth, apoptosis, and cell contact 
inhibition through down-regulation of Wnt, GPCR, and 
other signaling pathways (Tsai et al. 2012; Yu et al. 2012; 
Yu and Guan 2013). The presence of a-catenin in the 
p-catenin:LEF-l complex at the WRE (Fig. 7D) suggests 
that the transcription complex is arranged similarly to 
the cell adhesion complex, with the exception that 
P-catenin is bound to LEF-l/TCF rather than E-cadherin. 
APC can also influence cell adhesion through association 
with cell adherens junctions (Hamada and Bienz 2004). 
Consequently, it will be important to assess whether 
a-catenin Yl 77 phosphorylation disrupts the association 
of APC with the cell membrane and weakens cell 
adhesion coordinately with the loss of repression at 
Wnt target genes. More broadly, cell density may control 
transcription through changes in a-catenin Yl 77 phos- 
phorylation or the subcellular localization and activity 
of the CtBP:RCORl:LSDl and a-catenin:APC com- 
plexes. We showed previously that the activity of APC 
at the gene preceded by several hours the decline in 
P-catenin protein levels (Sierra et al. 2006), indicating 
that it acts directly to switch off transcription. Alterna- 
tively, the effects of a-catenin and APC knockdown on 
P-catenin occupancy could reflect a thermodynamic 
equilibrium of p-catenin levels established by its de- 
struction in the cytoplasm. Because APC binds phosphor- 
ylated p-catenin, it will be important to assess whether 
this modification is preserved in LEF-1 complexes and at 
the WRE and whether pTrCP-mediated ubiquitylation 
might also occur at the gene, consistent with the exten- 
sive role of the UB-proteasome system in regulated 
transcription (Geng et al. 2012). 

APC interacts directly with CtBP (Hamada and Bienz 
2004), and our studies suggest it is also a scaffold for the 



larger complex that includes RCORl and LSDl. CtBP 
protein levels are up-regulated in early adenomas from 
FAP patients, indicating that it is also an important 
substrate for the APC destruction complex (Phelps et al. 
2009; Rai et al. 2010). CtBP is a potent repressor of many 
tumor suppressors (Chinnadurai 2009) and inhibits pro- 
duction of retinol dehydrogenases and retinoic acid bio- 
synthesis to disrupt intestinal differentiation in early 
stage adenomas (Phelps et al. 2009; Rai et al. 2010). How- 
ever, CtBP has a complex role in the expression of Wnt 
target genes, as it functions to both repress basal gene 
expression and enhance p-catenin transactivation (Fang 
et al. 2006). This raises the possibility that some subunits 
of the APC complex are also needed to switch on Wnt 
target genes. Interestingly, ubiquitylation of CtBP by 
the TBLl/TBLRl complex regulates cof actor exchange 
at nuclear receptor genes (Perissi et al. 2008). The TBLl/ 
TBLRl proteins also control p-catenin occupancy at Wnt 
target genes (Li and Wang 2008), and it will be of interest 
to learn whether APC is involved in this step. Other APC 
destruction complex substrates are the YAPl homolog 
TAZ (Azzolin et al. 2012) and Ras (Jeong et al. 2012). The 
failure of APC mutants to degrade CtBP, TAZ, and Ras 
further suggests that a-catenin may regulate the destruc- 
tion of these other substrates and might explain why 
ablation of a-catenin elevates Ras-MAPK kinase activity 
in murine intestinal epithelial cells (Vasioukhin et al. 
2001). 

Mechanistic studies have shown that a-catenin re- 
presses transcription by sequestering the YAPl /TAZ 
transcriptional coactivator in inactive complexes in the 
cytoplasm (Robinson and Moberg 2011; Schlegelmilch 
et al. 201 1; Silvis et al. 201 1; Imajo et al. 2012; Rosenbluh 
et al. 2012). Our data indicate that a-catenin could 
potentially regulate TAZ activity directly at Wnt target 
genes or escort it to the cytoplasm for destruction by the 
APC complex. Because a-catenin and APC are recruited 
with p-catenin to target genes, their transcriptional ac- 
tivities must be regulated to prevent premature termina- 
tion of transcription. One interesting possibility is that 
Yl 77 phosphorylation of a-catenin might prevent dock- 
ing of APC prior to activation of the RNAPII elongation 
complex. Analysis of transcription-coupled turnover of 
TGFp signaling estabhshed a role for P-TEFb/CDK9 and 
CDK8 phosphorylation of SMAD3 in the recruitment of 
YAPl and release of the coactivator complex from the 
DNA (Alarcon et al. 2009; Aragon et al. 2011). Assembly 
of active RNAPII elongation complexes could similarly 
trigger the release and nuclear export of p-catenin by the 
a-catenin:APC complex. Given that nuclear actin pro- 
teins play a critical role in gene expression (Gieni and 
Hendzel 2009), the ability of a-catenin and APC to reg- 
ulate actin and associated proteins ( Aoki and Taketo 2007; 
McCartney and Nathke 2008), including the Arp2/3 com- 
plex (Benjamin and Nelson 2008; Benjamin et al. 2008), 
may also play an important role in the transcriptional 
activity of the APC complex. 

At target genes, p-catenin interacts with several pro- 
teins that regulate H3K4 methylation. The N terminus of 
p-catenin targets BCL9/Legless and the Pygopus PHD 
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finger protein coactivator, which binds H3K4me2 and stim- 
ulates H3K4me3 (Fiedler et al. 2008), and the C-terminal 
activation domain associates with the MLLl:Menin com- 
plex, which mediates H3K4me3 (Sierra et al. 2006). The N 
terminus of p-catenin also binds a-catenin, which re- 
cruits APC complexes bound to the CtBP:RCORl co- 
repressors and LSDl H3K4mel/2 demethylase. Thus, the 
a-catenin: APC:CtBP:LSDl and Bcl9:Pygopus complexes 
bind to adjacent sites on p-catenin and might compete for 
binding to H3K4me2 to switch transcription between on 
and off states. Interestingly, MLLl and H3K4me3 also 
regulate coactivator:corepressor exchange at the HOXA9 
gene, and this step is permanently disabled in leukemo- 
genic MLLl translocation proteins (Wang et al. 2010). 
Thus, the H3K4 methylation step is disrupted in distinct 
ways to ensure constitutive oncogene expression in leu- 
kemic and colon cancer cells. 

Last, we show that a-catenin is a strong inhibitor of 
P-catenin transactivation in hESCs, which respond to 
Wnt signaling through differentiation to endodermal and 
mesodermal cell fates (Wray and Hartmann 2012). De- 
spite low levels of a-catenin and p-catenin in the nuclear 
and cytoplasmic compartments of these cells, Wnt target 
genes are induced rapidly in response to Wnt3a or GSK3p 
inhibitors, and we found that a-catenin, APC, and LSDl 
accompany p-catenin to induced genes. Following tran- 
sient induction of p-catenin, Wnt target genes fail to shut 
off in cells depleted of a-catenin, which strongly up- 
regulates downstream endodermal genes and promotes 
hESC differentiation. In contrast, lentiviral shRNA knock- 
down of a-catenin was not sufficient to induce Wnt target 
genes in nonsignaling cells, consistent with the ob- 
servation that conditional knockout of a-catenin in 
murine epithelial cells also fails to activate the pathway 
(Vasioukhin et al. 2001). Consequently, this system will 
be useful to analyze the mechanisms regulating Wnt 
signaling and endodermal differentiation. 

In summary, the interaction of a-catenin with APC 
plays an important role in p-catenin ubiquitylation and 
proteolysis and turnover of p-catenin at Wnt target genes 
and is disrupted by a-catenin Yl 77 phosphorylation, 
which prevents repression of Wnt target genes in trans- 
formed cells. Binding to APC might also affect a-catenin- 
mediated cell adhesion and rearrangement of the actin 
cytoskeleton, contributing to the misregulation of each of 
these processes in cancer. 

Materials and methods 

Cell culture and DNA trans fection 

HEK293 and HCT116 cells were cultured in DMEM supple- 
mented with 2 mM L-glutamine and 10% fetal bovine serum in 
a CO2 (5%) incubator at 37°C. PC-3 cells were cultured in 
RPMI1640 with 2 mM L-glutamine and 10% fetal bovine serum. 
G418 selection was carried out by addition of G418 at final 
concentration of 500 fxg/mL. For ectopic expression of vector 
DNA, 4 fxg of DNA was transfected into HEK293 cells using 
LipoD293TM DNA in vitro transfection reagent (SignaGen 
Laboratories) following instructions from the supplier. TOP- 
FLASH reporter assays, cell fractionation, immunoprecipitation. 



and immunoblot procedures are described in the Supplemental 
Material. 

siRNA transfection 

siRNAs were obtained from Life Technologies. siRNA trans- 
fection was performed with Lipofectamine RNAiMAX trans- 
fection reagent by following instructions from the supplier. 
Assays were performed 48 h after transfection. For negative 
control siRNA, Silencer negative control #1 siRNA was used 
(Life Technologies). Specific siRNA sequences used are available 
on request. 

Reverse transcription and qRT-PCR 

Total RNA was isolated using Trizol reagent (Life Technologies), 
and reverse transcription was performed with 3 ijug of extracted 
RNA using Superscript III (Life Technologies) with oligo-dT 
according to the manufacturer's instructions. PGR measure- 
ments to cDNA were performed in triplicate using SYBR Green 
master mixes (Life Technologies). Amplification was carried out 
in the ABI7300 (Applied Biosy stems) with a 10-min DNA de- 
naturation step at 95°C, followed by 40 cycles of 15 sec at 95°C 
and 60 sec at 60°C. The average of the technical replicates was 
normalized to GAPDH levels using the comparative CT method. 
Averages and standard deviations of at least three experiments 
are shown in the figures. The qRT-PCR primers are listed in the 
Supplemental Material. 

Affinity purification of Flag-tagged protein complexes 
and MudPIT analysis 

Stable expression of Flag-tagged full-length human p-catenin, 
TGF4, LEF-1, a-catenin, and APG (amino acids 1-2227) in 
HEK293 cells was established using G418 selection. Gells from 
15 150-mm dishes were extracted using immunoprecipitation 
buffer (50 mM HEPES-NaOH at pH 7.9, 300 mM NaCl, 1% 
NP-40, 10 mM MgCli, 15% glycerol) with protease inhibitors to 
a final volume of 15 mL and homogenized for nuclear extraction 
after cytosolic bust. Extracts were clarified by centrifugation 
(14,000g for 15 min at 4°G). Flag-M2 beads (Sigma) were in- 
cubated with the supernatant in a ratio of 80 |jlL of slurry (50% 
beads in slurry) to 6 mg of total protein for 4 h on a roller at 4°G. 
The beads were washed in immunoprecipitation wash buffer (25 
mM HEPES-NaOH at pH 7.9, 300 mM NaGl, 0.2% NP-40) four 
times for 3 min at 4°G and then twice in Flag-elution buffer (25 
mM Tris-HGl at pH 7.5, 50 mM NaGl). Finally, the sample was 
incubated with 200 jxg/mL Flag peptide (Sigma) in elution buffer 
for 30 min at room temperature with rotation. The MudPIT 
protein identification methods and analysis are detailed in the 
Supplemental Material. Original data files will be made available 
at http://www.yeastrc.org within 1 year of publication. 

Chip experiments 

The procedure, primers, and antisera used for the GhIP studies 
are described in the Supplemental Material. 

Maintenance of hESCs 

HI hESGs were cultured in mTeSRl on Matrigel-coated (BD 
Biosciences) tissue culture plates. Gultures were passaged man- 
ually as clumps at 1 :3 split ratio every 5-7 d following treatment 
with 1 mg/mL dispase. Medium was replaced daily. For exper- 
iments, clumps were disaggregated into single cells at 1 :6 split 
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ratio using Accutase. Mouse recombinant WntSa or GSK3 
inhibitor Factor XV (Millipore) was added to the mTeSRl 
medium at a final concentration of 100 ng/mL and 50 nM, 
respectively. 
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